Contrary to the traditional view that receptive fields are limited in spatial extent, recent studies have indicated that the response of neurons to a local stimulus within the receptive field can be modulated by stimulation of the surrounding region. Here we quantified the nature of these contextual effects on visual motion responses of neurons in the pigeon's optic tectum using standard extracellular recording techniques. All of the cells tested responded well to a test spot moving across their receptive fields. When a background pattern was moved in the same or in a similar direction as that of the test spot, the responses of most deep tectal neurons to the test spot were maximally inhibited. Movement of the background in the opposite or near opposite direction produced minimal inhibition or even facilitation. For some deep tectal neurons, this directionally selective modulation by the moving background was maintained when the background motion was paired with different movement directions of the test spot (including both the preferred and least preferred directions). Thus, this selectivity for opposing motion was independent of the absolute direction of either the test spot or the background, a finding which is consistent with the results reported by Frost and Nakayama (1983), although they did not include all test spot directions. For some other neurons, identified here for the first time, the background movement selectively modulated the response only when the test spot moved in the neuron's preferred directions. These neurons lost selectivity for opposing motion when the test spot moved in nonpreferred directions. The significance of these contextual effects on the motion response of tectal neurons may be related to how the brain distinguishes self-induced motion from object motion and segregates figure from ground.
Introduction
The "classical" receptive field of a cell in the visual system refers to a region of the visual field in which a stimulus can elicit a response. These receptive fields have traditionally been considered limited in spatial extent and tuned to specific stimulus attributes. Stimulation outside the area by itself does not evoke a response. However, it has been discovered that if an additional stimulus is presented outside the receptive field at the same time that a stimulus is presented inside the receptive field, then the response of the cell may be modulated. These results suggest that the way in which a cell responds to a stimulus is dependent on the context within which that stimulus is presented (Sterling & Wickelgren, 1969; Nelson & Frost, 1976 , 1978 , see reviews by Allman et al., 1985a and by Gilbert, 1998) .
In their examination of motion-sensitive neurons, von Grünau and found that, in the cat's lateral suprasylvian visual areas, the responses to motion of a test spot were profoundly inhibited when a background pattern moved in the same direction as the test spot. The responses of these same neurons were much less inhibited, or even facilitated, when the background moved in the opposite direction to the test spot. A similar effect has been found in the striate cortex of the cat (Hammond, 1985; Gulyas et al., 1987; Orban et al., 1987) , area MT of the monkey (Allman et al., 1985b; Born & Tootell, 1992) , superior temporal area of the monkey (Tanaka et al., 1986) , superior colliculus of the monkey (Bender & Davidson, 1986; Davidson & Bender, 1991) and the cat (Mandl, 1985) , and the tectum of the toad (Tsai & Ewert, 1988) and the pigeon (Frost, 1978; Frost et al., 1981) .
In a study of pigeons' tectum, Frost and Nakayama (1983) extended their previous findings by pairing many directions of background movement with different directions of test spot movement. They found that a group of neurons were selective for opposing motion between the test stimulus and the background, rather than the absolute directions of either the test spot or the background. Although they showed this to be true over a range of directions of the test spot, they did not include the anti-preferred (null) directions of the test spot in their protocol. This does not completely address whether the modulation is only related to the preferred direction or invariant to the direction of the test spot.
The aim of the present study was to determine the magnitude of the modulation when a patterned background moved in various directions relative to the preferred and nonpreferred directions of movement of the test spot. The prevalence, the magnitude of the response modulation, and the direction for which the neurons were selective under background modulation from the neuronal population were analyzed quantitatively. By comparing the effect of selective modulation by the background when the test spot moved in preferred versus nonpreferred directions, we found that the neurons originally thought to be sensitive to relative motion (Frost & Nakayama, 1983) should be actually divided into at least two types. One type encodes opposing motion between the test spot and background regardless of the test spot direction, and a second type is selective for opposing motion only when the test spot moves in the preferred directions.
Materials and methods
Pigeons (Columba livia) were anesthetized with a ketamine0 rompum mixture (50 mg ketamine, 5 mg rompum0kg initially and supplemented by hourly 12.5 mg ketamine, 1.25 mg rompum0kg, i.m.). They were positioned in a Kopf stereotaxic instrument to record single-cell responses from various sites across the tectum. Bone and dura were removed over an area on the left side of the brain, exposing the dorsal lateral tectal surface, and the right eye was sutured open. The animal's temperature was maintained at 40-428C by a heated water pad. All procedures were approved by the McMaster University Animal Care Committee and certified to be in compliance with the guidelines of the Canadian Council of Animal Care.
Recording and data collection
Standard extracellular recordings were made in the pigeon's tectum. Parylene-coated tungsten microelectrodes (exposed tips: 10-13 mm long; 2 MV at 1 kHz, A-M Systems, Inc, Carlsborg, WA) were used to record extracellular potentials. Penetrations were made in the dorsal lateral parts of the tectum which correspond to the projection of the fovea and the surrounding 20 deg of the visual field. Responses were recorded from the stratum griseum et fibrosum superficiale of the tectum through to the underlying ventricle (approximately 200-1300 mm in depth from the tectal surface). A systematic series of penetrations, in a direction perpendicular to the tectal surface, were made through the tectum. A stepping motorized hydraulic microdrive system with digital readout (Frederick Haer and Co., Brunswick, ME) was used to advance electrodes radially through the tectum. By zeroing the micron counter on contact with the surface of the tectum and noting the depth when the electrode emerged into the ventricle, it was possible to localize the electrode position within the major sublayers of the tectum. The signals were amplified by an A-M 1800 (A-M Systems, Inc.) differential preamplifier with a band-pass filter. The amplified signals were played over an audio monitor and displayed on an oscilloscope (Tektronix 5120) allowing the isolation of single units. The raw signal was also fed through a window discriminator (Neurofeedback Instruments, La Jolla, CA; BME441) in order to collect quantitative data from single units. Standardized square-wave pulses, generated from the window discriminator and each representing an action potential, were collected by a custom data collecting system which transferred the interspike intervals to a SGI computer after each stimulus presentation. These accumulated responses were used to produce peri-stimulus-time-histograms (PSTHs). The computer controlled both the collection of neuronal spikes and the presentation of stimuli.
Visual stimuli
Visual stimuli were presented on a rear-projection tangent screen which was placed 40 cm in front of the bird's eyes and subtended a visual angle of 120 deg ϫ 100 deg. The visual stimulation system consisted of a SGI 4D0310GTX computer graphics system and a high-resolution LCD projector (Mitsubishi, Japan; LVP-X50). The size, position, shape, and motion of a test spot against a textured or nontextured (uniform white) background was controlled by the software. The textured background (60 deg ϫ 50 deg) consisted of a random distribution of black dots ranging from 0.5 deg to 2 deg in size and positioned from 0.5 deg to 2 deg apart. The test spot and the black dots in the background (both with luminance of 3 cd0m
2 ) were superimposed on a uniform background (23 cd0m 2 ). To restrict the background effect to the region beyond the classical receptive field, the region around the receptive field of the tectal neuron was masked (through software) to selectively conceal only the background but not the test spot (see Fig. 1 for a schematic illustration of the stimulus configuration). To achieve this same effect, masking in previous studies (e.g. Frost et al., 1981) was accomplished using a physical mask (e.g. a piece of cardboard) while the background and the test spot were presented from opposing sides of the tangent screen. In these studies, the background was back-projected while the test spot was frontprojected. The present method of masking, however, avoids the possible limitations of front-projection caused by the obstruction of the projection by the animal and the recording apparatus. The present method also allows for precise control of the stimulus luminance. In our experiments, the size of the mask was controlled to be about 2-3 times the diameter of the region of the excitatory receptive field to ensure that the background did not simulate any part of the classical receptive field.
Testing procedures and data analysis
Upon isolation of a tectal cell, the receptive-field boundary was mapped using a small moving spot. Only movement-sensitive neurons were selected for this study. The neuron's optimal responses for test spot movement were tested in order to find the optimal test spot size and velocity. The optimal responses were determined by testing a wide range of values for a certain parameter (e.g. velocity) and locating the peak response from the tuning curves. To generate a direction tuning curve, a test spot of optimal size and velocity was moved across the receptive field against a stationary background in eight different directions (45 deg apart). Subsequently, responses were recorded for systematic combinations of test spot and background movement directions. Each testing condition was presented five to eight times in a randomly interleaved sequence. An individual neuron was typically recorded for 3 to 5 h (depending on the stability of the recording) in order to allow for testing of the complete series of manipulations. The total number of spikes evoked by a given stimulus was used as a measure for neuronal response (the stimulus movement duration was 6 s for all the trials). The stimulus velocity was always held constant at the optimal level, and thus the total number of spikes was a better measure than peak firing rate, which was sometimes more variable because of multiple peaks or peaks of odd shapes in the response histogram. Most tectal units exhibited little spontaneous firing. However, when spontaneous firing did occur, the amount was subtracted from the total number of spikes obtained during stimulus presentation.
To quantify the background effect, we generated background direction tuning curves by varying the direction in which the We recorded the neuronal responses for eight background directions (in equal intervals of 45 deg within a circle) for the same number of stimulus repetitions. We thus considered the magnitude of neuronal firing (number of spikes) for each of the eight directions~u 1 through u 8 ! as a frequency of occurrence, f i , in a certain direction within a circle. If we define the total neuronal firing in all directions as n, we may compute the sample mean angle N u, which is the mean vector of the response bias toward a certain direction (Batschelet, 1981; Zar, 1999 ; also see Swindale, 1998) . We calculated the mean angle N u from cos N u and sin N u. The mean angle is the best estimate of the neurons' preferred direction. The variable r is a measure of concentration or sharpness of directional tuning. The value of r varies from 0 (when there is so much dispersion that a mean angle could not be described) to 1 (when all the data is concentrated in one direction, i.e. when the neuron only responded to one direction).
We also performed significance tests of the directional selectivity for each direction tuning curve. The Rayleigh test was used to determine whether there was a mean direction among the population of data sampled (Zar, 1999) , that is, whether there was a directional preference in the direction tuning curve. The modified Rayleigh test for uniformity versus a specified mean angle (Zar, 1999 , page 618) was also used. For this study, based on previous results (Frost et al., 1981 , Frost & Nakayama, 1983 , it is reasonable to expect that, at least for some neurons, the background directional tuning curve should be biased towards the direction opposite to the test spot direction. Thus, in performing the modified Rayleigh test, we predicted that the tuning curve would not be uniform (not a circle) and it would have a specified mean relative direction of 180 deg (i.e. when the test spot and background move in opposite directions).
We further investigated whether this directionally selective background modulation effect was consistent among different test spot directions; in other words, we tested whether the neurons were selective for opposing motion regardless of the test spot direction. A small amount of variation in this mean vector would indicate true relative direction tuning and a large amount of variation would indicate the converse. To compare different background direction tuning curves tested at different directions of test spot motion, we used the Watson-Williams test, a circular version of a multisample test (Zar, 1999, page 625) . If the result of this test is not significant, we conclude that the different circular distributions have the same sample mean direction preference.
Histology
Responses were recorded from neurons located over a range of depths from 200 mm to 1300 mm in depth from the tectal surface. The depth was determined by zeroing the microcounter on the microdrive upon reaching the tectal surface and was verified by piercing the ventral cavity below the tectum. At the end of the testing, small electrolytic lesions (10 mA tip negative, 10 s) were made to the recorded site. After a few hours, the animal was deeply anesthetized with pentobarbital sodium and perfused intracardially with 0.75% saline followed by 10% formol saline. The brain was extracted, cut in serial sections (each 30 mm) in the coronal plane, and stained with cresyl violet. The electrode tracks were reconstructed by reference to the lesions and traces of the electrode penetrations. The electrode depths obtained from the reading on the microdrive were found to be consistent with tip location verified by histology.
Results
The results were based on observations of 85 tectal cells in 43 pigeons. Most tectal units responded vigorously to movement of a test spot on the tangent screen and their receptive fields generally varied from 2 deg to 15 deg in size. In general, receptive-field size tended to increase as the depth of the electrode tip increased. The optimal moving test spot ranged from 3 deg to 12 deg in size and from 10 deg to 80 deg0s in velocity. Most neurons responded well over a wide range of test spot velocities.
About 78% of the tectal units showed directional preferences. There was a greater tendency for pigeon tectal neurons to prefer forward motion (posterior to anterior in the visual field) than any other direction and very few preferred backward motion (similar results have been found by Frost & DiFranco, 1976 and by Sun & Frost, 1997a) . A few neurons were tuned to a narrow range of directions, but most were broadly tuned for direction of motion. The responses of two broadly tuned neurons are shown in two polar response plots (Figs. 1A & 2A) , which are functions of the directions of movement of the test spot. Both neurons preferred forward (0 deg) motion and responded less to backward motion (around 180 deg 6 45 deg).
Selective response modulation in typical neurons
For some neurons, particularly neurons in deep tectal layers, the response modulation by the background was independent of the direction of motion of the test spot. Figs. 1B-1E show four background direction tuning curves that were obtained by plotting the total spikes evoked by the motion of the test spot in one of the four directions (0, 180, 90, & 270 deg) , when the background also moved in each of the eight directions. In general, when the background moved in the same direction as the test spot, the response to the test spot was strongly inhibited. When the background direction moved in a different direction from the test spot, inhibition was reduced. Inhibition was minimal (or facilitation occurred) when the test spot and the background moved in opposite directions. Due to the fact that this pattern of background modulation was similar for all test spot directions, it suggested that this neuron was selective for a relative movement direction (opposing motion in particular) between the test spot and the background. More importantly, this selectivity was independent of the absolute direction of either the test spot or the background.
For other neurons, also in deep layers of the tectum, the pattern and the degree of selective modulation varied with particular directions of movement of the test spot. Figs. 2B-2E illustrate the response of such a neuron. When the test spot was moved in the preferred direction (forward movement, 0 deg) (Fig. 2B) , there was clearly a bias toward the opposite direction of background movement. However, when the test spot was moved in the nonpreferred direction of 180 deg (Fig. 2C) , the bias for certain directions was different or disappeared. In other words, in the nonpreferred direction, the background modulation was no longer related to opposing motion between the test spot and the background. For this kind of neuron, the difference in background effect was not limited to the preferred direction as opposed to the opposite direction (0 deg vs. 180 deg in Fig. 2A ). As shown in the test spot direction tuning curve ( Fig. 2A) , the response to test spot motion alone at 270 deg was greater for this neuron than the response at 90 deg. The background direction tuning curve for test spot motion of 270 deg (Fig. 2E) was biased toward the opposite direction while the tuning curve for 90 deg (Fig. 2D) was not.
Although most neurons in the tectum were affected by simultaneous background motion, the magnitude and pattern of the background effect varied considerably among cells. In the following sections, we provide a quantitative analysis of the background effect for the population of neurons recorded. We first address the background effect when the test spot was moved in the preferred direction (out of the eight possible test spot directions when the test spot moved alone, see Fig. 1A or 2A) , then we return to the 136 H.-J. Sun et al. response modulation when the test spot moved in the direction opposite to the preferred direction (null direction).
The magnitude of the background effect in the preferred test spot direction
After we obtained background direction tuning curves for movement of the test spot in its preferred direction, the magnitude of the response modulation at different background directions was compared to the response in the absence of background motion. Fig. 3 illustrates the distribution of the two indices for the relative magnitude of background modulation: R min 0R stat Ϫ 1 (Fig. 3A) and R max 0R stat Ϫ 1 (Fig. 3B ). For at least one background direction, most of the neurons (72085, 85%) showed the effect of background inhibition (paired t-test, comparing R min and R stat , P Ͻ 0.05). The inhibition reduced the response of 49% (42085) of the neurons by more than 50%, that is, R min 0R stat Ϫ 1 Ͻ Ϫ0.5 (Fig. 3A) . For another background direction (typically the one opposite to the direction where R min occurred), maximal response occurred. R max 0R stat Ϫ 1 averaged Ϫ0.25 (minimal inhibition) and for 24% (20085) of the neurons, it exceeded 0, indicating response enhancement (Fig. 3B) . Data from the 15% (13085) of sampled neurons which failed to show a reliable background effect (i.e. no significant difference between R min and R stat ) were excluded from further analysis. These neurons tended to be located in the superficial layers of the tectum.
The background direction tuning in the preferred test spot direction
For most neurons, when the background moved in the same direction as the test spot, the response to the test spot was maximally inhibited. When the background and test spot moved in opposite directions, the inhibition was typically minimal (sometimes even facilitated). Thus, the result of background modulation could be selective for the relative direction of 180 deg between the test spot and background. In the subsequent part of this paper, the direction of the background is expressed in terms of the direction relative to the test spot direction. Fig. 4A illustrates the distribution of the mean vectors for background direction in the tuning curve when direction of the background was manipulated and the test spot motion was held constant at the neuron's preferred direction (established when tested with the test spot alone). For most cells, the background direction vector occurs mostly within a range of 180 deg 6 45 deg in relative direction (i.e. the opposite direction of movement of the center and surround) (Fig. 4A) .
Another dimension of the tuning curve is the extent to which the data is concentrated on one direction. The variable r in describing a circular distribution is an indicator of the degree of concentration. The relationship between an r value and its mean vector when the test spot moved in the neurons' preferred direction is illustrated in Fig. 4B . The variation of the r value signifies the variation in magnitude of the directionally selective effect of the background. For most neurons, such a selective background effect was reliable (high r values). However, for a small number of neurons, the r values were small, indicating that the background inhibited the motion response similarly, regardless of the relationship between the direction of the background and the test spot. Thus, the background effect for these neurons was not selective.
To further describe the directional nature of the background effect, we ran a test of significance (the Rayleigh test) for each tuning curve to determine whether there was a directional preference. The results indicated that for most neurons (66072) the tuning curves were not uniform (not a circle) and hence the neurons had a significant~P Ͻ 0.05) directional preference. For six other neurons, the result for the Rayleigh test was not significant, indicating no directional preference. For these six neurons, the background inhibited the motion response similarly regardless of the relative direction between the background and the test spot, thus the background effect for these neurons was not selective.
We then ran the modified Rayleigh test (Zar, 1999 , page 618) to examine whether the tuning curves had a specified mean angle of 180 deg in relative direction. While most neurons (64066) showed significant~P Ͻ 0.05) results indicating they had a specific mean relative direction of 180 deg, two neurons failed to show significant results for the modified Rayleigh test (but significant for the Rayleigh test), indicating they had a directional preference for some other relative directions. Fig. 4A Fig. 5 shows the background direction selectivity when the test spot moved in the direction opposite to the preferred direction (null direction). Fig. 5A illustrates the distribution of the mean vectors for background direction when the test spot moved in the null direction. The mean vectors occur mostly within a range of 180 deg 6 90 deg in relative direction, which is a much larger range than that found for testing using the preferred direction of movement of the test spot (cf. Fig. 4A ).
Background effect in the null test spot direction
The tests of significance (the Rayleigh test) indicated that for most neurons (62072) the tuning curves were not uniform (not a circle) and hence indicated a directional preference. The modified Rayleigh test showed that, for movement of the test spot in the null direction, 14 out of the 62 cells had a directional preference other than 180 deg, far more than the case for movement of the test spot in the preferred direction (2066, see Fig. 4A ).
The relationship between the r value and the mean vector when the test spot moved in the null direction is illustrated in Fig. 5B . Note that some neurons showed a directional preference to the relative directions far away from 180 deg and did so with high r values.
Fifty seven out of the 72 neurons showed significant directional preference in the Rayleigh test for both the preferred and null test spot directions. Fig. 6A showed the relationship for the background direction vector when the test spot moved in the preferred and null directions. There was a much greater variation among neurons in the direction vector at the null test spot direction (along vertical axis) compared to the preferred direction (along horizontal axis). For some neurons (like the neuron shown in Fig. 1 ), mean tuning direction was similar for both the preferred and null directions of test spot motion (centered around 180 deg, along both horizontal and vertical axis). For some other neurons (like the neuron in Fig. 2 ), although the direction vector concentrated around 180 deg for the preferred direction (along horizontal axis), for the null direction, there were greater variations in the direction vectors.
The relationship of the r value when the test spot moved in the preferred~r p ! and null~r n ! directions is plotted in Fig. 6B . There was a weak relationship between the two directions (with a correlation coefficient of 0.26). Overall, r p values (mean ϭ 0.12) were significantly greater than r n (mean ϭ 0.09) (paired t-test, P Ͻ 0.005).
We ran statistical tests to evaluate the extent to which such selective background modulation was consistent among different test spot directions; in other words, whether the neurons encode relative direction regardless of the test spot direction. We directly compared the circular distributions that constitute each tuning curve using the Watson-Williams test (Zar, 1999, page 625) , which is a circular equivalent of the ANOVA test. As shown in Fig. 6A , among the 57 neurons showing significant directional preference in the Rayleigh test for both the preferred and null direction, 17 of these neurons did not show a significant difference in relative directional tuning when we compared the tuning curves for preferred direction versus its opposite direction (e.g. Figs. 1B vs. 1C) . This suggests that these 17 neurons encoded the same relative direction between the test spot and background. All 17 neurons also showed significant results in the modified Rayleigh test (Zar, 
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H.-J. Sun et al. 1999, page 618) indicating that the tuning curves had a specified mean angle of 180 deg in relative direction (note that the data for those neurons are located around 180 deg along both axis in Fig. 6A ). Other neurons (40057) showed a significant difference in the two sample Watson-Williams test (e.g. Figs. 2B vs. 2C), indicating they did not always encode relative direction between the test spot and background. For the 17 neurons that showed the same relative direction preference for the preferred and null direction, we also compared background direction tuning curves under multiple test spot directions using the multisample Watson-Williams test, involving four background tuning curves (e.g. the test spot directions of 0, 180, 90, & 270 deg; e.g. Figs. 1B-1E ) or six tuning curves (adding two more test spot directions; e.g. 135 deg and 315 deg). Eleven neurons did not show significant differences in directional preference (seven neurons tested in four directions, four neurons tested in six directions), indicating they truly encoded relative direction between the test spot and background, regardless of the test spot directions. Fig. 7 illustrates the relationship between background direction tuning and test spot directional tuning, r t (tuning sharpness generated from the test spot direction tuning curves when background was stationary). Generally, there was a very weak relationship between the r p and r t (correlation coefficient ϭ 0.20, Fig. 7A ), between the r n and r t (correlation coefficient ϭ Ϫ0.03, Fig. 7B) , and between the r p -r n and r t (correlation coefficient ϭ 0.21, Fig. 7C ). The variable r p -r n represents the difference score for the background directional tuning when the test spot moved in the preferred direction compared to that in null direction. Overall, r p values (mean ϭ 0.12) were significantly greater than r t (mean ϭ 0.09) (paired t-test, P Ͻ 0.005).
The relation between selectivity for background direction and test spot direction

Discussion
For most of the neurons in the deep tectum, the response to the motion of the test spot could be modulated by background motion. The tectal neuron's responses were maximally inhibited when the background moved in a direction the same as, or similar to, the test spot direction and were least inhibited, or even facilitated, when they moved in opposite, or nearly opposite, directions. The present results are in general agreement with the initial reports of surround modulation in the pigeon tectum (Frost, 1978; Frost et al., 1981) , in the superior colliculus of the monkey (Bender & Davidson, 1986; Davidson & Bender, 1991) , and in area MT in monkey (Allman et al., 1985b; Tanaka et al., 1986; Lagae et al., 1989) . We found that some neurons were able to encode relative directions between the test spot and the background. The selective modulation pattern was maintained when the background was paired with all tested directions of the test spot. This selectivity for relative direction was independent of the absolute direction of either the test spot or the background. It is important to note that for these neurons, the tuning curve for the relative direction was always similar for two opposite test spot directions, even for neurons with a high degree of test spot directional preference. In this case, when the test spot moved in the null test spot direction and when the background was moving in the opposite direction, the responses of the neurons were usually enhanced relative to the response under stationary background. This kind of relative direction encoding neuron has also been identified in the superior colliculus of the monkey (Bender & Davidson, 1986; Davidson & Bender, 1991) .
In pigeon tectum, Frost and Nakayama (1983) found a group of neurons that were selective for opposing motion between the test stimulus and the background over a range of test spot directions, although they did not include nonpreferred directions of movement. One difference between the neurons in pigeon tectum and that in the monkey colliculus is that the pigeon tectal neurons showed some facilitation to anti-phase movement while neurons in the monkey colliculus did not. However, the tuning curves for relative direction were similar between our results and those found in monkey. The tuning curves reported in our study were broader than that of the single tuning curve from pigeon tectum plotted by Frost and Nakayama (1983) and no quantitative information for the neuronal populations was reported in their study.
In this study, we identified a new group of neurons which were selective modulated by the background (selective for opposing motion) only when the test spot was moved in preferred directions. When the test spot was moved in nonpreferred directions, the selectivity for opposing motion disappeared. It is unlikely this was due to the relatively low level of baseline firing at the nonpreferred 
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H.-J. Sun et al. directions . If this were the case, the neurons with a higher r t value (generally with low firing rate at the null direction) should exhibit weaker background direction tuning at the null direction (lower r n !. However, as shown in Fig. 7B , there was no relationship between the r t and r n . Similarly, as shown in Fig. 7C , there was also no relationship between r t and the difference score between r p and r n , which provides information about the consistency of the background direction tuning among different test spot directions. Our results regarding the background effect suggest that there are at least four kinds of tectal motion-selective neurons. The motion responses of the first kind of neuron are not affected by the background movement. These neurons tend to have a very small receptive field and are located in the superficial layers of the tectum. They represent low-level motion processing since they do not integrate information beyond their "classical" receptive field. In this study, we focused on the background effect, and therefore did not sample many neurons in the superficial layers. Consequently, the proportion of this kind of neuron in the population of neurons tested in this study may not represent the true proportion within the entire tectum.
The motion responses of the second kind of neuron are affected by the background movement. However, the effect is not selective for the relative direction between the test spot and background. This type of neuron was not identified by Frost and his colleagues (Frost, 1978; Frost et al., 1981) but it has been found in cat colliculus (Rizzolatti et al., 1974) .
The motion responses of the third kind of neuron (such as the neuron shown in Fig. 2 ) are selectively modulated by the moving background (preferring opposing motion) only when the test spot moves in the neuron's preferred direction. When the test spot moved in a nonpreferred direction, the relative directional preference differed or disappeared. This type of neuron was identified for the first time in the current study. These deep tectal neurons integrate information from the regions outside the receptive fields, although they do so only when the preferred directional signal is present in the receptive field. In fact, since the selectivity for opposing motion is greatest only when the test spot moved in the preferred directions, their responses demonstrate the existence of an interaction between the contextual effect and the neuron's intrinsic directional preference. As a result, the firing rate of these neurons can potentially indicate the absolute direction of the motion of the test spot.
The motion responses of the fourth kind of neuron (such as the neuron shown in Fig. 1 ) are always selectively modulated in the same way by the moving background, which suggests that these neurons encode relative direction regardless of the direction of the test spot. The responses of these neurons are similar to the neurons in the superior colliculus of the monkey studied by Davidson and Bender (1991) . Both the pigeon tectal and monkey collicular neurons represent a high level of abstraction in motion processing. These deep tectal neurons detect a relative directional difference between motion inside and outside of the receptive field. They can be considered to have an antagonistic, center-surround organization with respect to motion (Nakayama & Loomis, 1974; Frost & Nakayama, 1983; Nakayama, 1985) . Such double-opponent processing can be achieved in any absolute direction, as long as the direction inside and outside the receptive field are opposite to each other. Due to the fact that nonpreferred directions were not tested, the neurons identified by Frost and Nakayama (1983) may include both the third and fourth types of neurons described above.
Although there were neurons that clearly exhibited certain patterns of response modulation and thus could be classified into the four distinct groups (e.g. the two neurons shown in Figs. 1 &  2) , there were other neurons whose degree of response modulation by the background fell into a region between the categories. For example, as shown in Fig. 6A , the degree of similarity between the mean vector of the preferred background direction at the preferred and null test spot direction was widely distributed over the graph. The data points fell on a continuum that ranged from those that were very close to 180 deg (high consistency for relative direction between preferred and null direction) to the those that were very far from that (low consistency for relative direction). Similarly, the overall effect of background modulation was weak for some neurons. They thus fell between the categories of background modulated neurons and background ineffective neurons (the first type of neurons described above).
The response modulation by the background found in deep tectal neurons suggests that these neurons play a role in signalling local motion while ignoring coherent motion over a large area of the visual field. Object movement relative to the background would trigger large responses. However, body, head, or eye movements cause a large area of the retinal image to move together, a pattern that would elicit little response from these tectal neurons. It has been proposed that the tectofugal pathway primarily processes visual "object motion," which is in contrast to the optic flow produced by the observer's self movement (Frost, 1985 (Frost, , 1993 Frost et al., 1990; Frost & Wylie, 2000) . The latter is generally believed to be processed by the accessory optic system referred to as the third visual pathway (Wylie & Frost, 1999a,b ; also see a review by Simpson, 1984) . The anatomically segregated system for object and self-motion has also been shown in the fly (Egelhaaf et al., 1988) . Similar functional groupings of neurons responding to either object or self-motion have been shown in area MT (Born, 2000) and MST (Tanaka et al., 1986; Eifuku & Wurtz, 1998) of the monkey.
Contextual modulation of tectal response has been used to construct a neural model to explain how the brain distinguishes object motion and self-motion in three-dimensional space (Sun & Frost, 1997b) . Some neurons in the pigeon nucleus rotundus, which receives massive projections from the tectum, signal impending collision of an approaching object (Sun & Frost, 1998 ) but these neurons do not respond to simulation of the observer moving toward an object along the same trajectory (Frost & Sun, 1997) . The receptive fields of these looming-sensitive neurons could be composed of a radial arrangement of concentric arrays of receptive fields of relative motion detectors (like the tectal neurons of the third and fourth type described above), with the center of expansion overlapping the center of receptive-field radial layout. These tectal neurons would respond only to relative movement between the test spot and its surround and then provide converging input onto rotundal looming detectors. Through this kind of receptive- Fig. 7 . Scatter plot of r p (background direction selectivity when the test spot moved in the neuron's preferred direction) versus r t (direction selectivity measure generated from test spot direction tuning curve) (A), r n (background direction selectivity when the test spot moved in the neuron's null direction) versus r t (B), and r p Ϫ r n versus r t (C). Each point represents data for a single cell~n ϭ 72).
field organization, the rotundal looming detectors could respond well to an approaching object, but would not respond to simulation of approach by the observer, in which the relative motion across the boundary of the looming object is minimal.
Besides providing neural signals for distinguishing object motion and self-motion, the existence of deep tectal cells with different types of background modulation can explain the ability to separate figure from ground based on motion cues alone (Frost et al., 1988) . Using kinematograms (the motion domain equivalence of random dots stereograms), Frost et al. (1988) have shown that these neurons were able to segregate different regions of the image into separate objects by using motion as the only physically defining characteristic. In kinematograms, the test spot can only be visible if it moves differentially from the background. Tectal responses to objects defined by kinematograms were quite similar in their responses to objects defined by luminance contrast. This suggests that the deep tectal cells were capable of separating figure from ground based on a motion signal alone. The ability of birds to distinguish a figure from its surrounding is a necessary survival technique for avoiding prey or finding food. The second, third and fourth types of tectal neurons described above would collectively achieve these functional roles. These different types of center-surround interactions may reflect complementary functions in refining various aspects of visual motion representation: distinction between object motion and self-motion, detection of absolute direction of the test spot, and segregation of figure from ground.
